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Importance of the Intracellular Domain of NR2
Subunits for NMDA Receptor Function In Vivo
These and NR2CDC/DC mice display deficits in motor
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Figure 1. Targeted Mutation of the NR2A, NR2B, and NR2C Genes
(A) Representation of the wt NR2 gene loci and NR2 gene fragments that contain the modified neo gene/translational stop module. Boxes,
exons; shaded boxes, untranslated regions; filled boxes, coding sequences for membrane segments M1±M4. Small vertical bars, internal
probes for Southern blot analysis; primer sets for genotyping are a, b, and c. Restriction sites E, EcoRI; X, XbaI.
(B) PCR-genotyping with primer pairs listed in (A). For NR2A, primers a and b are rsp26 and rsp10, which amplify 0.7 kb of the NR2A1 allele
and 1.7 kb of the NR2ADC allele. For NR2B, a, b, and c are NR2B1, NR2B3, and rspneo6, respectively. Amplification products: 136 bp for
NR2B1, 400 bp and 1311 bp for NR2BDC. A 270 bp fragment of NR2C1 was amplified by primers bs13 (a) and bs1 (b).
(C) Southern blot analysis of mouse genomic DNAs. NR2A probe: NR2A1, 3.8 kb EcoRI fragment; NR2ADC, 1.0 kb EcoRI fragment. The 4.2 kb
fragment derives from the NR2A pseudogene (unpublished data). NR2B probe: NR2B1, 3 kb XbaI fragment; NR2BDC, 4.2 kb XbaI fragment.
NR2C probe: NR2C1, 20 kb EcoRI fragment; NR2CDC, 7 kb EcoRI fragment.
NR2C gene loci in the mouse to achieve C-terminal trun- expressed at comparable levels. For NR2B and particu-
larly for NR2C, the expression of the truncated formcation. This does not interfere with the formation of
gateable receptor channels in vitro (KoÈ hr and Seeburg, was reduced (Figure 2B). Regarding the mRNAs for the
altered subunits, neither levels nor patterns of expres-1996; unpublished data). We observed that mice ex-
pressing these truncated NR2 manifested a striking phe- sion appeared to differ from wt, as judged by in situ
hybridization (Figure 2C).notypic resemblance with mice not expressing the sub-
units at all. Thus, both genetic paradigms independently
lead to the functional ablation of NMDAR subtypes. NR2BDC/DC Mice Die Perinatally
Of the three homozygous NR2DC/DC lines, NR2BDC/DC mice
exhibited the most severe phenotype, with death oc-Results
curring shortly after birth, as reported for NR2B2/2 mice
(Kutsuwada et al., 1996). Because NR1/NR2B channelsMice Expressing C-Terminally Truncated
NR2 Subunits are essentially the only NMDARs in the forebrain of new-
born rodents (Watanabe et al., 1993; Monyer et al., 1994),We constructed mice that express NMDAR subunits
lacking a large intracellular C-terminal receptor domain we recorded NMDA-evoked currents in nucleated patches
of hippocampal CA1 cells in brain slices from newbornby replacing in embryonic stem (ES) cells the C-terminal
exons of the NR2A, NR2B, and NR2C subunit genes (P0) NR2BDC/DC and wt animals (Figure 2D). The currents,
when recorded from the mutant but not from the wt,with the neomycin phosphotransferase (neo) gene pre-
ceded by in-frame translational stop codons (Figure 1). desensitized in the prolongedpresence of NMDA (Figure
2D), indicating that NR1/NR2BDC channels were indeedWestern blot analysis of whole-brain protein from het-
erozygous and homozygous animals documented the expressed in NR2BDC/DC mice. Desensitization to NMDA
was also observed for the recombinantly expressedexpression of the truncated NR2 subunits (Figure 2A).
Antibodies (Laurie et al., 1997) against the N-terminal NR1/NR2BDC channel but was negligible when the natu-
ral ligand L-glutamate was the agonist (data not shown).domain detected the truncated NR2ADC, NR2BDC, and
NR2CDC proteins, whereas antibodies against the The current amplitudes for the mutant were about half
those of wt animals, in accordance with the apparentC-terminal domain of the full-length NR2 subunits dem-
onstrated absence of the wild-type (wt) subunits in reduction in NR2BDC subunit levels (Figure 2B). We
could not compare NMDAR levels in the two genotypeshomozygous NR2ADC/DC, NR2BDC/DC, and NR2CDC/DC mice
(Figure 2B). Judging from the intensity ratio of full-length by normalizing NMDA currents to AMPA currents, owing
to variable current ratios, also in wt mice of this ageto truncated subunits in the respective heterozygous
mutant mice, the truncated and wt NR2A subunits were (data not shown). Because heterozygous NR2B deficient
Truncated NMDA Receptors
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Figure 2. Expression of the Full-length and
C-terminally Truncated NR2 Subunits in Wt,
Heterozygous, and Homozygous Mice
(A) NR2 subunits, full-length and truncated
forms. Black boxes, hydrophobic segments
M1±M4; positions of N-terminal (N) and
C-terminal (C) antibodies for immunoblots
are marked. The C-terminal amino acid se-
quences of NR2ADC, NR2BDC, and NR2CDC
are listed below. Black box, M4 residues; Ov-
erlining, synthetically introduced residues.
(B) Immunoblot analysis of mouse brain ex-
tracts. Monoclonal antibodies against N ter-
minus (N) and C terminus (C) of the NR2s
detect the wt and truncated subunits in wt
(1/1), heterozygous (1/DC), and homozygous
(DC/DC) mice.
(C) In situ hybridization in horizontal brain
sections from homozygous NRDC/DC mice for
NR2A (2A), NR2B (2B), and NR2C (2C) tran-
scripts. Signal pattern and strength were as
in wt mice (data not shown)
(D) Currents evoked by 100 ms pulses of
100 mM NMDA in nucleated patches of
hippocampal CA1 cells of newborn wt and
NR2BDC/DC mice areshown as inset in the peak
current-voltage relation of the mutant spe-
cific currents for high Na1 extracellular solu-
tion, in presence (filled circles) and absence
(open circles) of 1 mM Mg21. Note the desen-
sitization of NMDAR-mediated currents (tdes,
53 6 19 ms; n 5 3) in NR2BDC/DC but not wt
mice. Ages of animals are given in postnatal
days (P0, P35).
animals with a 2-fold reduction in this subtype are viable 161% 6 17 % of the pretetanic control value at 30 and
60 min after tetanization, respectively (Figure 3C). In(Kutsuwada et al., 1996), the lethal phenotype of NR2BDC/DC
mice might be caused by impaired intracellular signaling slices from mutant mice (n 5 19), the potentiation of
the synaptic response was markedly reduced to valuesdue to the missing intracellular receptor domain.
below our LTP criteria of 120% (119% 6 6%, 30 min;
106% 6 8%, 60 min) (Figure 3C). Synaptic transmissionNR2ADC/DC Mice Exhibit Altered Synaptic Functions
in the control pathway was unchanged (Figure 3B). LTPAltered Hippocampal LTP
was present in 17 of 19 experiments in slices from wtHomozygous NR2Aknock-out mice exhibit reduced hip-
animals and in 4 of 19 slices from the NR2ADC/DC micepocampal LTP and deficiencies in spatial learning (Saki-
(Figure 3D) at 45 min after tetanization.mura et al., 1995; Ito et al., 1996). Homozygous NR2ADC/DC
To see whether the high-frequency train for inducingmice were also viable. In slices from 3-months-old mu-
LTP was of the same size in the two groups of animals,tants, there was a considerable reduction of LTP in CA1
the voltage integral of the summed epsps produced bywhen compared to their wt litter mates. Tetanic stimula-
tetanization was taken as an index. We could not detecttion (100 Hz) produced a robust LTP in slices (n 5 19)
any difference between the voltage integrals from thefrom wt mice. The field excitatory postsynaptic potential
(epsp) slope was 163% 6 11% (mean 6 SEM) and two groups (p . 0.1, two-tailed t test).
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Figure 3. LTP and Evoked Postsynaptic Currents in CA1 Synapses of Hippocampal Slices from WT and NR2ADC/DC^ Mice
(A) Diagram of electrode arrangement. Electrodes in stratum radiatum (rad) and stratum oriens (or) were stimulated alternately. The radiatum
fibers served as the tetanized input; the oriens fibers, as the control. The field synaptic responses were monitored by an extracellular recording
electrode in stratum radiatum.
(B) The mean of ten consecutive responses in the control pathway (or) and the tetanized pathway (rad) in slices from a wt (left) and a NR2ADC/DC
mouse (right). The mean responses 5 min prior to (con) and 45 min after tetanization (45) are superimposed.
(C) Extracellular epsp slope measurements from tetanized (solid symbols) and untetanized pathway (open symbols). Each point represents
the mean of ten consecutive measurements within 1 min. Data were averaged, normalized, and pooled. Vertical bars, SEM; arrow, tetanus.
(D) Distribution of normalized epsp slopes in all experiments from wt and NR2ADC/DC mice. LTP was defined as an increase of the extracellular
field epsp slope to greater than 120% (broken line) of pretetanic control value 45 min after tetanization.
(E) Current-voltage relation of peak (open circles) and slow current after 50 ms (filled circles) in a CA1 cell from an NR2ADC/DC mouse measured
by whole-cell patch clamp. The slow component showed a negative slope conductance at holding potentials negative to 230 mV and a linear
current-voltage relation between 230 and 130 mV. Inset: EPSC at 250 mV recorded before and during APV (50 mM) application in a CA1
pyramidal neuron of an NR2ADC/DC mouse. The third trace is the difference between the traces (NMDAR-mediated EPSC). Dotted areas, time
windows for measurement of peak and slow components, respectively.
(F) The NMDAR-mediated current in relation to the peak current in CA1 pyramidal cells of wt and NR2ADC/DC mice. Peak amplitude (mainly
AMPA component) and amplitude after 50 ms (NMDA component) of the elicited synaptic current were measured at holding potentials between
230 and 130 mV. The NMDA slope conductance was expressed as a fraction of the peak slope conductance. Horizontal bars, median of
this fraction for wt and NR2ADC/DC mice.
To elucidate a mechanism for the reduction of LTP in and was blocked by 50 mM APV, as expected for an
NMDA current (Figure 3E). We assessed the NMDA com-the mutant mice, we compared the relative magnitude
of the NMDAR-mediated synaptic current in slices from ponent from the slope conductance at 50 ms between
230 and 130 mV and expressed it as a fraction of themutant and wt mice. Excitatory postsynaptic currents
(EPSCs) elicited by stratum radiatum stimulation were peak conductance (Figure 3F). The data were normal-
ized to the peak conductance and were pooled acrossrecorded during voltage-clamp of CA1 pyramidal cells
with the whole-cell patch-clamp technique. A fast and animals of the same group. We detected no significant
difference in these fractions of the two groups of animalsslower component were distinguished in the evoked
EPSCs of both wt and mutant animals (Figure 3E). The [wt, mean 6 SD: 0.52 6 0.14 (n 5 19); mutant, 0.46 6
0.14 (n 5 19); p . 0.1, t test] (Figure 3F). Thus, a changefast component, measured at its peak, showed a linear
current-voltage relation and was blocked by 10 mM in the NMDA component can not account for the reduc-
tion of LTP in the mutant mice. This indicates thatCNQX, consistent with an AMPA receptor-mediated cur-
rent. The slow component, measured at 50 ms, was NMDARs with C-terminally truncated NR2A subunits
participate in synaptic transmission to the same extentlinear positive to 230 mV, showed negative slope con-
ductance for holding potentials negative to 230 mV, as the wt receptors. Hence, in contrast to the NR2A
Truncated NMDA Receptors
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Figure 4. Kindling Development and Mossy
Fiber Sprouting in WT and NR2ADC/DC Mice
Wt and NR2ADC/DC mice underwent stereo-
taxic implantation of a stimulating/recording
electrode in the right amygdala. The develop-
ment of motor seizure component in wt and
NR2ADC/DC mice (A) was monitored by number
of stimulation-induced afterdischarges trig-
gering three consecutive clonic motor sei-
zures for wt (11.9 6 1.7 stimulations, n 5 8)
and NR2ADC/DC mice (28.5 6 3.7 stimulations,
n 5 8) (t test, p , 0.001). The sprouting of
dentate granule cells mossy fiber axons in
supragranular region (B) was measured by
the Timm index for wt (n 5 4) and NR2ADC/DC
mice (n 5 3) and for kindled wt (n 5 8) and
NR2ADC/DC (n 5 7) mice. Timm indices were
analyzed with two-way ANOVA. Electric sei-
zures (C) were assessed by total duration of
afterdischarges (ADD) for wt (1208 6 107.8 s,
n 5 8) and NR2ADC/DC mice (613 6 32 s, n 5
9). (D) Representative horizontal Timm-stained
section of supragranular region of dorsal hip-
pocampus in kindled wt and NR2ADC/DC mice.
Filled arrowheads point to Timm granules in
wt animals; open arrowheads, absence of
granules in mutant mice. Scale bar, 100 mm.
deficient mice in which LTP reduction is due to the ab- Impaired Contextual Fear Conditioning
When tested for step-down avoidance (Figure 5A), asence of the NR1/NR2A subtype (Sakimura et al., 1995),
mice with truncated NR2A subunits still possess a func- context-dependent learning task, which requires hippo-
campal function (Ammassari-Teule et al., 1991; Phillipstional receptor channel. NR2ADC/DC mice seem to be im-
paired in cellular signal transduction events involved in and LeDoux, 1992; Chen et al., 1996), both NR2ADC/DC
mice and the double mutants NR2A/CDC/DC (see below)LTP induction, which manifests itself as a functional
ablation of this receptor subtype. exhibited significantly reduced latencies to step-down
from the safe platform as compared to wt animalsAltered Kindling Behavior
The development of kindling, an NMDAR-dependent an- (ANOVA on effect of genotype pooled across repeated
measures: F[2,34], 8.94; p , 0.01. Genotype times re-imal model of epilepsy (Goddard et al., 1969; McNamara,
1988; 1993), accompanied by lasting synaptic reorgani- peated measures interaction: F[4,70], 6.81; p , 0.01).
Newman-Keuls posthoc tests showed that latencies forzation (Sutula et al., 1988; 1996) was impaired in the
NR2ADC/DC mice. This was evident from the greater than wt were significantly greater than those for NR2ADC/DC
or NR2A/CDC/DC mice, but there was no difference be-2-fold increase in the number of stimulations required
to achieve kindling criterion (28.5 6 3.7; n 5 8 versus tween the mutants (p . 0.05). The mean step-down
latency at a 1 min test was 76 s for wt, 17 s for NR2ADC/DC,11.9 6 1.7; n 5 8; t test, p , 0.001) (Figure 4A). The
defect in functional plasticity was accompanied by a and 23 s for NR2A/CDC/DC mutant mice. For the 24 hr
test, the mean step-down latency was 113 s for wt, 26 sdefect in structural plasticity, as evident in significant
reductions of kindling-induced mossy fiber sprouting in for NR2ADC/DC, and 41 s for NR2A/CDC/DC mutants (Figure
5A). Prior to shock, there was no statistically reliablethe NR2ADC/DC mice compared to wt mice; the Timm
index, a measure of mossy fiber sprouting, increased difference in the baseline step-down latencies between
the three groups. During shock, animals from all threealmost 3-fold following kindling of the wt mice but only
2-fold in the NR2ADC/DC mice (Figure 4B). The smaller groups vocalized and jumped, suggesting that there was
no observable difference in pain perception.increase in kindling-associated mossy fiber sprouting
in the mutant mice (Figure 4D) occurred despite a Impaired Motor Coordination
NR2A subunit containing NMDARs are expressed along2-fold greater duration of electrographic seizure that ac-
companied kindling development in the NR2ADC/DC com- with NR1/NR2C receptors in adult cerebellar granule
cells, which participate in controling motor behavior (Ta-pared to wt mice (NR2ADC/DC, 1208 6 107 s; wt, 613 6
32 s) (Figure 4C). No differences between unstimulated kahashi et al., 1996). NR2A mice tested on a rotarod
and on a thin stationary plexiglass rod displayed anwt and NR2ADC/DC mice were evident in the morphology
of the dentate gyrus in either Nissl stains, Timm stains impairment in motor coordination. Mice expressing
NR2ADC subunits exhibited averaged retention times(data not shown), or Timm index (Figure 4B). Likewise,
no differences were detected in the current required to on the rotarod of one-half and, on the stationary rod,
one-tenth of their wt litter mates (Figures 5B and 5C).induce the initial electrographic seizure, arguing against
alterations in the excitability of neurons in the amygdala. Moreover, when put in water for the first time, the mu-
tants could not maintain axial balance (Figure 5D). AllThus, despite the presence of the full-length NR2B sub-
unit, the C-terminal truncation of the NR2A subunit im- balance deficits were mimicked by double homozygous
NR2A/CDC/DC mutants but not by NR2CDC/DC mice (seepaired NMDAR-mediated signal transduction.
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(17 6 6 s, n 5 6), as compared to wt animals (38 6 10 s;
n 5 6) (Figure 5C). The finding that the NR2C mutants
are impaired in stationary balance but not on a moving
rod can be explained by the different rod surfaces. The
plexiglass rod is slippery, whereas the rotarod contains
a textured surface. Thus, the phenotype resulting from
loss of NR2C subunit function, which was not described
by other investigators, might reflect a defect in fine-
tuning of motor coordination.
Cerebellar NMDARs with C-Terminally Truncated
NR2 Subunits Are Associated with PSD-95
and Are Synaptically Activated
Adult cerebellar NMDARs are defined in subunit compo-
sition (Takahashi et al., 1996). Immunoblot analyses in
wt and NR2A/CDC/DC mice documented that in both geno-
types, adult cerebellar granule cells only express the
NR1/NR2A and NR1/NR2C subtypes (Figure 6A). The
mutant mice exhibited reduced cerebellar NR1 levels,
possibly owing to partial degradation. C-terminally trun-
cated NMDARs may not be complexed appropriately
with other proteins, which could render them targets for
proteolytic processing. Notably, coimmunoprecipitations
showed association between NR1 and truncated NR2C
subunits as well as between truncated NMDARs and the
postsynaptic protein PSD-95 (Figure 6A). Association of
these truncated receptors with PSD-95 might be indirect
or mediated directly by a cerebellar NR1 splice form
(Laurie et al., 1995) that can bind PSD-95 (Kornau et al.,
1995).
Figure 5. Contextual Fear Conditioning and Motor Coordination in
To investigate whether the molecularly altered NMDARsMutant Mice
in the NR2A/CDC/DC mice participate in synaptic transmis-(A) Fear conditioning: adult male NR2ADC/DC (n 5 12), NR2A/CDC/DC
sion, we performed fluorometric recordings from cere-(n 5 13), and wt (n 5 10) mice underwent step-down avoidance
bellar granule cells of adult mutants. Synaptic activationtraining. The retention time for each mouse on the platform after 1
min and 24 hr is given as a function of trial number. (B and C) motor of NMDAR channels in the NR2A/CDC/DC mice evoked
coordination: (B) mice were placed on a plexiglass rod and the postsynaptic elevations of the intracellular Ca21 concen-
retention times were monitored. Six mice were tested of each geno- tration (Figure 6B). The Ca21 transients were indistin-
type: wt, NR2ADC/DC, NR2CDC/DC, NR2A/CDC/DC, and NR2C2/2 (ANOVA
guishable in both amplitude and time course from thoseF[0.001;4;25] 5 47.33; Tukey's p 5 0.005 significance). (C) Retention
recorded in wt animals (Figure 6C), perhaps unexpectedtimes on accelerated rotarod for wt (n 5 11), NR2ADC/DC (n 5 11),
from the reduced cerebellar NR1 and NR2C levels inNR2CDC/DC (n 5 10), NR2A/CDC/DC (n 5 10), NR2C2/2 (n 5 11). (D)
NR2ADC/DC mice, first swimming experience. the double mutant. Further, the NMDA antagonist APV
reversibly blocked the Ca21 transients in both experi-
mental groups (Figures 6C and 6D). Although voltage-below), indicating dominance of the truncated NR2A
gated Ca21 channels activated by the excitatory syn-subunits. This is unexpected from the lack of motor
aptic potential generated in granule cells might havedeficits in NR2A2/2 mice (Kadotani et al., 1996) and sug-
contributed to the observed Ca21 transients, it is evidentgests that, at least with respect to cerebellar circuits,
that in NR2A/CDC/DC mice, the NMDA channels withmore severe consequences result from truncation than
C-terminally truncated NR2 subunits can be activatedablation of NR2A subunits.
by synaptic inputs and are therefore, at least in part,
localized in synapses.Balance Deficits in NR2CDC/DC Mice
The NR2C subunit is the NMDAR subtype most highly
expressed in cerebellar granule cells. We generated Discussion
NR2CDC/DC and NR2C2/2 mice to perform a comparative
analysis of NR2C truncation with null mutant. No loco- The phenotypes of mice expressing three distinct NMDAR
subtypes with truncated intracellular C-terminal do-motor defects were observed in these mice when moni-
toring normal movement and retention times on a ro- mains of the subtype-specific NR2 subunits revealed a
physiological significance for these domains equal totarod (Figure 5B), in agreement with Kadotani et al.
(1996) and Ebralizde et al. (1996). However, when bal- that of the respective NMDAR subtypes themselves.
Truncation in the embryonically expressed NR1/NR2Bance behavior was analyzed on a thin stationary plexi-
glass rod, we recorded a more than 2-fold reduction in subtype led to perinatal death, as previously reported
for thegenetic ablation of NR2B (Kutsuwada et al., 1996).the retention time of both NR2C2/2 and NR2CDC/DC mice
Truncated NMDA Receptors
285
Figure 6. C-terminally Truncated Cerebellar NMDARs in Double Homozygous NR2A/CDC/DC Mice: Expression, Interaction with PSD-95, and
Synaptic Activation
Mice at least 6 weeks of age. (A) Cerebellar NMDAR subunits, PSD-95 expression, and interaction are displayed on five immunoblot panels.
Molecular weight markers in kDaare on the left of each.On the right, filled circles andarrowheads point to full-length and truncated NR2 subunits,
respectively. Antibodies against the N-terminal domain of the NR2A, NR2B, NR2C, and NR1 subunits, indicated below the immunoblots, detect
the respective NMDAR constituents in membrane protein (30 mg) from cerebellum of wt (1/1) and NR2A/CDC/DC (DC/DC) mice. Protein from forebrain
(Fb) was loaded as a control for the NR2B antibody because NR2B is lacking from adult cerebellum. In the fourth panel, note lower NR1 levels
and degradation product for NR1 (deg, open arrowhead) in the mutant mouse. The fifth panel shows (from top to bottom) unchanged PSD-
95 expression by Western blot; presence by immunoblot of NR1 (reduced in level) in PSD-95 immunoprecipitates of solubilized mutant
NMDARs; NR2C immunoblot of NR1 immunoprecipitates of solubilized NMDAR. Equal amounts (300 mg) of protein were in each immunoprecipi-
tation. Association of truncated NMDAR and PSD-95 was specific because in control experiments NR1 was not coimmunoprecipitated with
PSD-95 from solubilized NMDAR with preimmune serum (data not shown). (B±D) Synaptic activation of truncated NMDAR channels. (B)
Confocal image of cerebellar slice loaded with Fura Red AM. Open white box, granule cell layer from which recordings were taken (see C
and D). The molecular layer (left) and the white matter (right) were only sparsely loaded. Afferent fibers were activated by an extracellular
stimulation pipette (stim. pip) in white matter. Inset, individual granule cell bodies (stippled circle) from which Ca21 dependent fluorescence
was averaged during synaptic stimulation. Stippled box, region used for background subtraction. Scale bar, 10 mm. (C) Synaptically-evoked
Ca21 transients in two representative cells of wt and double homozygous NR2A/CDC/DC mice in presence of glycine, bicuculline, and CNQX
and in absence of Mg21 (left traces). The Ca21 transients were reversibly blocked by APV (middle and right traces). (D) Statistical evaluation
of the peak 2DF/F values before, during, and after APV application. Data obtained from six wt (n 5 34 cells) and six NR2A/CDC/DC (n 5 36
cells) mice.
Early death may reflect the nonfunctionality of brain- motor coordination not observed in animals lacking
NR2A expression (Kadotani et al., 1996). We surmisestem synapses supporting autonomic functions in the
newborn (Forrest et al., 1994; Li et al., 1994). Upon that cerebellar NMDARs with truncated NR2A subunits
trigger abnormal cellular processes. Finally, the largelyC-terminal truncation of the postnatally expressed NR1/
NR2A subtype, deficits became manifest in synaptic cerebellar-specific NR2C receptor, when C-terminally
truncated, led to a mild deficit in balance behavior, alsoplasticity and synaptic reorganization when recording
hippocampal LTP (Collingridge and Bliss, 1995) and observed by us upon genetic ablation of this subtype.
The similarity in phenotype of ablated and C-termi-when employing the kindling model of epilepsy (God-
dard et al., 1969; McNamara, 1993). Furthermore, these nally truncated NMDARs is unexpected, considering
that receptors containing C-terminally truncated NR2mutant mice were impaired in fear conditioning, which
depends on hippocampal function. Other genetically subunits form cation selective channels gated by gluta-
mate. With the exception of NR1/NR2ADC, which exhib-modified mice with deficits in hippocampal LTP also
show impairment in contextual fear conditioning (Abel its an increased rate of desensitization (KoÈ hr and See-
burg, 1996) in the prolonged presence of glutamate,et al., 1997). The strong effect of NR2A truncation in
these experimental paradigms might indicate that the these truncated channels display comparable gating
and cation permeability properties as their full-lengthNR1/NR2A subtype with its characteristically narrow
window of coincidence detection (Monyer et al., 1994) forms in vitro (unpublished data). An increase in the rate
of desensitization may have contributed to the mutantsubserves synaptic plasticity to a greater extent than
the NR2B subtype, which is coexpressed with the NR2A phenotype but is unlikely to have generated the striking
similarity to the NR2-deficient mice.subtype in principal forebrain neurons. Moreover, C-ter-
minal truncation of NR2A generated distinct deficits in Two explanations may account for the congruence in
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phenotype. For one, C-terminal truncation might pre- to disruption of cellular signaling pathways (Kornau et
al., 1997; Tsunoda et al., 1997), perhaps analogous toclude synaptic targeting, leading to a lack of glutamate-
triggered synaptic Ca21 influx into the postsynaptic our mouse models. Furthermore, preventing the interac-
tion of ion channels with their PDZ-domain proteins mayneuron. This explanation is not compatible with our elec-
trophysiological data. We did not visualize synaptic lower the stability and half-life of the signaling compo-
nents (Tsunoda et al., 1997).NMDAR subtypes by high-resolution immunocytochem-
istry, because the only NR2 antibodies successfully In conclusion, we have shown that the intracellularly
located C termini of the NR2 subunits are indispens-used in such analyses are directed against the C-termi-
nal domain (Hartveit et al., 1994; Petralia et al., 1994). able for the physiological functionality of the respective
NMDAR subtypes. The controlled gating of the integral,However, no reduction in the slow component of hippo-
campal EPSCs was observed in NR2ADC/DC animals, in Ca21 ion±preferring channel appears tobe only one facet
of the elaborate functional design of this receptor. Acontrast to the considerable reduction of this compo-
nent in NR2A2/2 mice (Sakimura et al., 1995). Further- critical facet is contributed by intracellular receptor do-
mains, which may mediate interaction of the ion channelmore, synaptic NMDAR-mediated Ca21 transients, as
measured with fluorometric recordings in cerebellar with components transducing the synaptically evoked
Ca21 signal. The molecular characterization of theseslices of doubly homozygous NR2A/CDC/DC mice, were
of a comparable magnitude as those in age-matched components should be rewarding.
wt animals.
The second explanation, more compatible with our
Experimental Procedures
results, posits that the C termini of the NR2 subunits
in postsynaptic NMDARs provide a physical linkage to Oligonucleotides
intracellular components mediating the decoding and 2b2b, 59-GCTCGACTCTAGCTACTCAGATC-39; 2b51, 59-CTTTCTG
GTCATG GGCTGGACAC-39; 2b52, 59-CTGAGAAATGTATCTCACCGtransducing into cellular responses of transient Ca21
GAC-39; bs1, 59-TATGGGTGTGCAGGCAGAC-39; bs8, 59-CGGTGCsignals entering through the NMDA channel (Bading et
TTCCCAGCGCCAG-39; bs11, 59-AGCTCTGGGCCACTGCAGGC-39;al., 1993; Bito et al., 1997). In this view, C-terminal trun-
bs13, 59-GAACAGCTGCTCGGCGGGAG-39; bs22, 59-CGTCTGTCA
cation of NR2 subunits prevents the physical coupling GTCTCCACCTC-39; bs45, 59TGTC CCAATGTTCCTATGAAAAG-39;
of cellular signaling components from the point of Ca21 bs61, 59-GCTGGGTCTGAGGATGTGA CCAG-39; mnr2ais, 59-AGAA
entry. Physical coupling of the NMDAR channel to a GGCCCATGGGGAGCTTTCCCTTTGGC TAAGTTTC-39; NR2B-BgllI,
59-GGAAGATCTGGTCTTCTCCATCAGGAG-39; NR2B-Cla, 59-CCATCa21 signaling machinery may well be essential, be-
CGATCAAGGCTTGCCAGAACAGACA-39; NR2B1, 59-CGACATTGCcause Ca21 ions entering the channel diffuse rapidly
TTCATGGGTGTCTGTTCTGGCA-39; NR2B3, 59-GGAACAAGCACCT(Klingauf and Neher, 1997) and, hence, the amplitude of
TCTTGTCTC-39; NR2Bcarlais, 59-GGGCCGCCTGGCTCTCTGC CAT
Ca21 transients is best monitored directly at the intracel- CAGCTAGGCACCGGTTGTAACCC-39; rsp10, 59-CCTGCTGATGGA
lular face of the channel. GAAGAGCC-39; rsp25, 59-ATCTGCCAGACACTGCTCCAG-39,
The C-terminal domains comprise approximately one- sense; rsp26, 59-AGAAGCTAATGTACCTGAGG-39, sense; rspneo1,
59-ACCACACTGCTCGACATTGGGTG-39; rspneo2, 59-TATCGCCthird of the NR2 subunits. Recent studies have revealed
GCT CCCGATTCGCAGC-39; rspneo4, 59-GGCTATTCGGCTATGACTposttranslational modifications and protein interactions
GGGC-39; rspneo6, 59-GCAATCCATCTTGTTCAATGGC-39; rsptk1,in these domains that might be essential for mediating
59-TTGGGTGGAAACATTCCAGGCCTGG-39; S33, 59-GGAGGAATAC
the cellular and physiological events seemingly lacking GACTGGAGCG-39; S45, 59-CCCCCGGGGAATTCAATCGG GCCGC
in our NR2 mutants. CaMKII, a major constituent of the GCAGGGCTCGGAAG-39.
postsynaptic density, binds itself tightly to the C termi-
nus of NR2B, and probably also NR2A, and phosphory-
Targeting Vectors
lates these subunits (Omkumar et al., 1996). Moreover, The murine NR2A, NR2B, and NR2C genes were sequence-modified
tyrosine residues are phosphorylated in the C-terminal in ES cells by insertion 39 to the M4 coding region of a 1.3 kb
neo selection module from plasmid pTKNEOpA (Stratagene), 59-domain of NR2 subunits, with the NR2B subunit consti-
extended by a DNA sequence (59-ATC GAT TGA ATT CCC CGGtuting the most prominent tyrosine-phosphorylated pro-
GGA TCT GAG TAG CTA GAG TCG AGC AGT GTG GTT TTC AAGtein in the postsynaptic density (Moon et al., 1994). The
AGG AAG CAA AAA GCC TCT CCA CCC AGG CCT GGA ATG TTTextent of this phosphorylation changes upon expression
CCA CCC AAT GTC GAG-39) with translational stop codons in three
of hippocampal LTP (Smart, 1997). Tyrosine phosphory- frames (pRKneopA). NR2 gene segments (129SV mouse genomic
lation can alter NMDAR function in central neurons (Yu l library; Stratagene) 6±12 kb encoding M4 and more C-terminal
et al., 1997). Phospho-serines and phospho-tyrosines, sequences were subcloned into pBluescriptII. Targeting vector
pTVNR2ADC contained a 7 kb NR2A gene fragment with the neoas well as proline-rich sequences present in the intracel-
module inserted at an SrfI site, 24 codons downstream of M4;lular NR2 regions may provide binding sites for adaptor
pTVNR2BDC contained a 6 kb genomic NR2B fragment with theproteins or signal transduction components (Burbelo
neo module inserted 19 codons downstream of M4 between BglII
and Hall, 1995; Birge et al., 1996). Furthermore, the andClaI sites introduced by PCR-directed mutagenesis with primers
very C-terminal residues of the NR2 subunits bind to NR2B-Cla and NR2B-BglII; pTVNR2CDC consisted of a 10 kb NR2C
members of the PSD-95/SAP90 family of PDZ domain± gene fragment in which a 1.2 kb NotI/HindIII fragment encoding
most of the C-terminal exon 15 was replaced by the neo module. Thecontaining proteins (Niethammer et al., 1996; Kornau et
NR2C gene (Suchanek et al., 1994) was ablated using pTVNR2C2,al., 1997). These proteins interact with synaptic NMDARs
assembled from a 1 kb EcoRI-HindIII fragment containing NR2Cand appear to link the receptors to intracellular trans-
intron 4, a HindIII-SalI neo gene of pRKneopA, and a 9kb SalI-NotI
duction pathways by providing multivalent binding sites. fragment containing the 39 end of exon 5 to exon 15 of the NR2C
As indicated by genetic evidence in Drosophila and C. gene.
elegans, interfering with the interaction of receptors and Prior to ES cell transfection, pTVNR2ADC, pTVNR2BDC, pTVNR-
2CDC, and pTVNR2C2 were linearized at unique SrfI, KpnI, SacI, andchannels with their cognate PDZ-domain proteins leads
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NotI sites located at the 59 end of the short arms of the respective Protein A-sepharose beads (15 mg, Pharmacia) washed in RIPA
buffer were added to supernatant, and after 5 hr, beads were col-targeting vectors.
lected by centrifugation, washed 5 times with RIPA buffer, boiled
for 10 min in SDS-sample buffer, and pelleted (8000 3 g, 10 min).Electroporation and Selection of ES Cells
Proteins in supernatants were resolved by 6% SDS-PAGE and ana-The endogenous NR2 genes were manipulated by electroporation
lyzed.of R1 passage 9 ES cells as described (Brusa et al., 1995). Clones
For isolation of NMDAR/PSD-95 complexes, a cerebellum wasidentified by PCR as positive for homologous recombination were
homogenized (20 passes in 3 ml DOC extraction buffer, containinggenotyped by Southern blot analysis with three independent probes.
(in mM) 50 Tris HCl [pH 9.0], 50 NaF, 1 vanadate, 0.02 ZnCl2, andIn brief, for the NR2A locus, genomic DNA was digested with EcoRI
1% w/v Na-deoxycholate; 20 mg/ml PMSF; 10 mg/ml of both aproti-and probed with a 59 internal probe (360 bp, PstI fragment, M4
nin and leupeptin). Extracts were cleared (356,000 3 g, 15 min,region) and a 39 internal probe (1.2 kb Pst fragment, C-terminal
48C) and supernatants used for immunoprecipitations. The PSD-95exon), digested with HindIII, and hybridized with a neo probe. For
antibody, pAb138, an NR2C N-terminal antibody (Molecular Probes),the NR2B locus, genomic DNA was digested with SacI and hybrid-
and the NR1 monoclonal antibody 54.1 were used for immunoblots.ized with a 59 external probe (0.9 kb HindIII-SacII fragment), cut
pAb138 and an NR1-specific antibody (Chemicon) were used forwith XbaI and hybridized with an internal probe (0.7 kb EcoRI-XhoI
immunoprecipitation.fragment), and cut with SpeI and hybridized with a 39 external probe
(0.6 kb HindIII-SacII fragment). For the NR2C locus, DNA was di-
gested with EcoRI and hybridized with a 59 external probe (1 kb Nucleated Patch Recordings
EcoRI-HindIII fragment), a 39 external probe (0.4 kb SacI-SalI frag- Transverse hippocampal 300 mm slices were cut from brains of
ment), and the neo probe (0.8 kb EcoRI/BssHII fragment). For the newborn NR2BDC/DC and wt mice. CA1pyramidal cells were identified
NR2C2 allele in knock-out mice, genomic EcoRI-digested DNA was by infrared differential interference contrast video microscopy (Stu-
analyzed with a 39 external probe (0.4 kb SacI-SalI fragment) and, art et al., 1993). Current recordings were performed from nucleated
after digestion with BssHII, with a 59 external probe (0.3 kb KpnI- patches (Sather et al., 1992) with a piezo-controlled fast application
BamHI fragment) and the neo probe. system (Koh et al., 1995).
PCR Analysis
LTP RecordingsGenomic DNA was isolated from ES cell clones. Homologous tar-
The experiments were performed in CA1 of hippocampal slices pre-geting events were detected by nested PCR (Nitschke et al., 1993).
pared from 3-month-old male mice. The brain was removed andNR2ADC: 59-primers, rsp26 and rsp25, complementary to an NR2A
cooled to 08C±48C in artificial cerebrospinal fluid (ACSF) in mM: NaClgene region not in the targeting vector; 39 primers, rsptk1 and
124; KCl 2; KH2PO4 1.25; MgSO4 2; CaCl2 2; NaHCO3 26; glucose 10;rspneo1, complementary to the TK promoter region of the neo cas-
bubbled with 95% O2/5% CO2 (pH 7.4). Transverse slices (400 mm)sette. A nested PCR product of 0.8 kb indicated homologous tar-
from middle portion of hippocampus were cut with a vibraslicer ingeting. NR2BDC: the first primer pair in the nested PCR was 2b51
48C cold ACSF, placed in an interface chamber at 308C±328C, and(outside) and rsptk1; the second pair was 2b52 (outside) and 2b2b;
exposed to humidified gas.product, 1.3 kb. NR2CDC: outside primers, bs22, rspneo4; inside
Orthodromic synaptic stimulation (50 ms, 9±100 mA, 0.33 Hz) wasprimers, bs22, rspneo2; product, 0.8 kb. NR2C2: outside primer
delivered alternately through two tungsten electrodes: one in stra-set, bs11 and rspneo4; inside primer set, bs61 and rspneo2; DNA
tum radiatum, and the other in stratum oriens. Extracellular re-product, 1 kb. For maintenance of mouse lines, tail DNA was geno-
sponses were monitored by two glass electrodes (filled with 3 Mtyped (see Figure 1).
NaCl) placed correspondingly. After stable synaptic recordings in
both pathways for at least 15 min, the radiatum pathway was teta-In Situ Hybridization
nized (100 Hz, 1 s). The tetanic stimulation strength was just aboveIn situ hybridization on horizontal mouse brain cryostat sections (20
the threshold for generation of a population spike in response tomm) was performed as described (Monyer et al., 1994). Antisense
a single test stimulus. Synaptic strength was assessed from theoligonucleotides for NR2A, NR2B, and NR2C mRNAs were mnr2ais,
radiatum synaptic response by measuring the slope of the field epspNR2Bcarlais, and S45.
in the middle third of its rising phase. Ten consecutive responses
(1 min) were averaged and normalized to the mean value obtainedWestern Blot Analysis
4±7 min prior to tetanic stimulation. Data werepooled across animalsBrains werehomogenized at 48C in lysis buffer ([in mM]: 320 sucrose,
of same genotype.10 EDTA, 100 phenylmethylsulfonylfluoride [PMSF], 20 leupeptin).
For measurement of EPSCs, slices without CA3 were transferredCell nuclei were removed (1000 3 g, 15 min) and enriched membrane
to a submerged recording chamber at 208C±248C and bicucullineproteins collected (25,000 3 g, 15 min). Pellets were washed in (in
methochloride (10 mM) was included in the ACSF. In some experi-mM) 50 TrisHCl (pH 8.0), 10 EDTA, and 100 PMSF; repelleted (25,000 3
ments, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 mM) org, 15 min); resuspended in same buffer; and 30 mg of this membrane
2-amino-5-phosponovaleric acid (APV, 50 mM) was added to theprotein was denatured in SDS loading buffer and resolved by SDS-
ACSF. Afferent fibers were activated at 0.2 Hz through a stimulationpolyacrylamide gel electrophoresis (PAGE) (NR2A, 10% PAGE;
electrode placed in stratum radiatum. Whole-cell patch-clamp re-NR2C and NR2B, 6%). Proteins were transferred (Electroblotter,
cordings of EPSCs were made during voltage clamp of CA1 pyrami-Biometra) onto nitrocellulose membrane (Protran BA 85, Schleicher
dal cells at different holding potentials with an Axopatch-1D ampli-and Schuell), and filters were incubated overnight in TBS buffer
fier. Patch pipettes (borosilicate glass, resistance of 7±9 MV) were(phosphate-buffered saline; Tween, 1%; bovine serum albumin,
filled with (in mM): CsCl 140; Mg-ATP 2; GTP 0.3; EGTA 0.2; HEPES10%) containing mouse monoclonal antibodies (Boehringer Mann-
10 (pH 7.2, adjusted with NaOH). Series resistance ranged fromheim) to NR2 subunit N-terminal (NR2A, antibody 2H9.24A6; NR2B,
18±28 MV. Peak amplitude and amplitude after 50 ms of EPSC were1A8.9B3; NR2C, 1E3.10A4) or C-terminal (NR2A, 2F6.3D5; NR2B,
measured at holding potentials between 2100 and 150 mV. Slope1C6.5C4; NR2C, 1G2.18B5) epitopes at appropriate dilutions (Laurie
conductances were estimated for holding potentials between 230et al., 1997). After washing in TBS buffer, filters were incubated in
and 130 mV.horseradish-peroxidase anti-mouse Ig (Amersham) and developed
(ECL, Amersham).
The NR2B subunit was enriched by immunoprecipitation prior to Kindling and Mossy Fiber Sprouting
Adult mice (20±36 g) underwent implantation of a bipolar stimulating-immunoblotting. Brain membrane protein (200 mg) was resuspended
in PBS, 0.7% SDS; boiled for 10 min; and transferred to 0.5 ml RIPA recording electrode in the right amygdala. The electrographic sei-
zure threshold was determined by application of a 1 s train of 60buffer, containing (in mM) 10 Tris HCl (pH 7.4), 1 EDTA, 150 NaCl,
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS. The first Hz, 1.0 ms biphasic rectangular pulses beginning at 40 mA at 1 min
intervals until an electrographic seizure of at least 3 s was observed.anti-NR2B antibody (1A8.9B3) was added at 1:50 dilution. The mix-
ture was incubated (48C, 16 hr) and cleared (8000 3 g, 20 min; 48C). Seizures were classified according to Watanabe et al. (1996) and
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criterion for kindling was three consecutive class-4 or class-5 sei- Akazawa, C., Shigemoto, R., Bessho, Y., Nakanishi, S., and Mizuno,
N. (1994). Differential expression of five N-methyl-D-aspartate re-zures lasting at least 12 s and consisting of rearing, forelimb clonus,
with or without loss of postural tone. After accomplishing this crite- ceptor subunit mRNAs in the cerebellum of developing and adult
rats. J. Comp. Neurol. 347, 150±160.rion, stimulations were twice daily with interstimulus intervals of at
least 4 hr until at least 15 class-4 or class-5 seizures were induced. Ammassari-Teule, M., Pavone, F., Castellano, C., and McGaugh,
Two weeks after the last stimulation all animals were anesthetized J.L. (1991). Amygdala and dorsal hippocampus lesions block the
and perfused for Timm stain. Assessment of sprouting (Timm Index) effects of GABAergic drugs on memory storage. Brain Res. 551,
was obtained from the absolute value of the total area of Timm 104±109.
granules divided by total length of dentate gyrus (Watanabe et al., Bading, H., Ginty, D.D., and Greenberg, M.E. (1993). Regulation of
1996). All procedures and analyses were done by an individual gene expression in hippocampal neurons by distinct calcium signal-
blinded as to genotype. ing pathways. Science 260, 181±186.
Birge, R.B., Knudsen, B.S., Besser, D., and Hanafusa, H. (1996). SH2Contextual Fear Conditioning
and SH3-containing adaptor proteins: redundant or independentMice underwent step-down (inhibitory) avoidance training in which
mediators of intracellular signal transduction. Genes Cells 1,the animals must remember that prior stepping off a safe platform
595±613.resulted in a foot shock. Each mouse was placed on a 9 cm diameter
Bito, H., Deisseroth K., and Tsien R.W. (1997). Ca21-dependent regu-platform that was elevated 1.5 cm from the grid floor of the experi-
lation in neuronal gene expression. Curr. Opin. Neurobiol. 7,mental chamber (21 3 23 3 26 cm; Ralph Gerbrands Company,
419±429.Arlington, MA). Five seconds after stepping down (all four paws on
the grid) the animal received a single foot shock (3 s, 0.3 mA) and Brusa, R., Zimmermann, F., Koh, D.-S., Feldmeyer, D., Gass, P.,
was returned to the homecage. After 1 min, the subject was again Seeburg, P.H., and Sprengel, R. (1995). Early-onset epilepsy and
measured; maximum time on platform was 3 min. The procedure postnatal lethality associated with an editing-deficient GluR-B allele
was repeated 24 hr later. White noise was present through all training in mice. Science 270, 1677±1680.
and testing trials. Burbelo, P.D., and Hall, A. (1995). 14-3-3 proteins. Hot numbers in
signal transduction. Curr. Biol. 5, 95±96.
Motor Coordination Chen, C., Kano, M., Abelovich, A., Chen, L., Bao, S., Kim, J.J., Hashi-
Mice 6±10 weeks old were placed on a fixed horizontal plexiglass moto, K., Thompson, R.F., and Tonegawa, S. (1995). Impaired motor
rod (15 mm diameter, 50 cm length, and 40 cm above ground) coordination correlates with persistent multiple climbing fiber in-
(Chen et al. 1995), and the time the animal remained on the rod was nervation in PKC gamma mutant mice. Cell 83, 1233±1242.
measured (60 s per test). For the rotarod (Ugo Basile Biol. Res.
Chen, C., Kim, J.J., Thompson, R.F., and Tonegawa, S. (1996). Hip-App.), the mouse was placed on a gritted plastic roller, which was
pocampal lesions impair contextual fear conditioning in two strainsaccelerated from 4±40 rpm in 5 min. Retention times were recorded
of mice. Behav. Neurosci. 110, 1177±1180.for 300 s. All tests, double blind.
Collingridge, G.L., and Bliss, T.V. (1995). Memories of NMDA recep-
tors and LTP. Trends Neurosci. 18, 54±56.Fluorescence Measurements in Cerebellar Slices
The fluorometric experiments were performed on 200 mm parasagit- Ebralidze, A.K., Rossi, D.J., Tonegawa, S., and Slater, N.T. (1996).
tal cerebellar slices from P40 adult mice. Slices were in ACSF (208C± Modification of NMDA receptor channels and synaptic transmission
238C) bubbled with 95% O2/5% CO2 (pH 7.3). Fura red AM ester by targeted disruption of the NR2C gene. J. Neurosci.16, 5014±5025.
(Molecular Probes, Eugene, OR) was added to 20 mM, and slices Ehlers, M.D., Zhang, S., Bernhardt, J.P., and Huganir, R.L. (1996).
were incubated (10 min at 378C). During recordings, slices were Inactivation of NMDA receptors by direct interaction of calmodulin
perfused with Mg-free ACSF plus 1 mM glycine, 10 mM bicuculline with the NR1 subunit. Cell 84, 745±755.
methiodide, and 10 mM CNQX. In some recordings, APV was added
Eilers, J., Schneggenburger, R., and Konnerth, A. (1995). Patch
to 30 mM. Measurements were with a video-rate confocal laser-
clamp and calcium imaging in brain slices. In Single Channel Re-
scanner (Odyssey, Noran Instruments, Middletown, WI) on an up-
cordings, Second Edition, B. Sakmann and E. Neher, eds. (New
right microscope (Axioplan, Zeiss) (Eilers et al., 1995). Data were
York: Plenum), pp. 213±229.
calculated as the background-corrected decrease in fluorescence
Forrest, D., Yuzaki, M., Soares, H.D., Ng, L., Luk, D.C., Sheng, M.,divided by the prestimulus fluorescence (2DF/F) using Igor Pro
Stewart, C.L., Morgan, J.I., Connor, J.A., and Curran, T. (1994). Tar-(Wavemetrics, Lake Oswego, OR).
geted disruption of NMDA receptor 1 gene abolishes NMDA re-
sponse and results in neonatal death. Neuron 13, 325±338.Acknowledgments
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